aBBreViatiONS EEG = electroencephalography; EZ = epileptogenic zone; FCD = focal cortical dysplasia; MTLE = mesial temporal lobe epilepsy; RF-TC = radiofrequency thermocoagulation; SEEG = stereoelectroencephalography. SuBmitted August 28, 2014. accepted December 8, 2014. iNclude wheN citiNg Published online June 19, 2015; DOI: 10.3171/2014.12.JNS141968. diSclOSure Dr. Cardinale is a consultant for Renishaw Mayfield SA, the manufacturer of Neuromate, and a former consultant for Medtronic, the manufacturer of the O-arm device. The other authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. OBJect Radiofrequency thermocoagulation (RF-TC) of presumed epileptogenic lesions and/or structures has gained new popularity as a treatment option for drug-resistant focal epilepsy, mainly in patients with mesial temporal lobe epilepsy. The role of this minimally invasive procedure in more complex cases of drug-resistant epilepsy, which may require intracranial electroencephalographic evaluation, has not been fully assessed. This retrospective study reports on a case series of patients with particularly complex focal epilepsy who underwent stereoelectroencephalography (SEEG) evaluation with stereotactically implanted multicontact intracerebral electrodes for the detailed identification of the epileptogenic zone (EZ) and who received RF-TC in their supposed EZ (according to SEEG findings). methOdS Eighty-nine patients (49 male and 40 female; age range 2-49 years) who underwent SEEG evaluation and subsequent RF-TC of the presumed EZ at the authors' institution between January 2008 and December 2013 were selected. Brain MRI revealed structural abnormalities in 43 cases and no lesions in 46 cases. After SEEG, 67 patients were judged suitable for resective surgery (Group 1), whereas surgery was excluded for 22 patients (Group 2). Thermocoagulation was performed in each of these patients by using the previously implanted multicontact recording electrodes and delivering RF-generated currents to adjacent electrode contacts. reSultS The mean number of TC sites per patient was 10.6 ± 7.2 (range 1-33). Sustained seizure freedom occurred after TC in 16 patients (18.0%) (13 in Group 1 and 3 in Group 2). A sustained worthwhile improvement was reported by 9 additional patients (10.1%) (3 in Group 1 and 6 in Group 2). As a whole, 25 patients (28.1%) exhibited a persistent significant improvement in their seizures. More favorable results were observed in patients with nodular heterotopy (p = 0.0001389), those with a lesion found on MRI (not significant), and those with hippocampal sclerosis (not significant). Other variables significantly correlated to seizure freedom were the patient's age (p = 0.02885) and number of intralesional TC sites (p = 0.0271). The patients in Group 1 who did not benefit at all (21 patients) or who experienced only a transient benefit (30 patients) from TC underwent microsurgical resection of their EZ. Thermocoagulation was followed by severe permanent neurological deficits in 2 patients (an unexpected complex neuropsychological syndrome in one patient and an expected and anticipated permanent motor deficit in the other). cONcluSiONS This study provides evidence that SEEG-guided TC in the EZ may be a treatment option for particularly complex drug-resistant focal epilepsy that requires invasive evaluation. A small subset of patients who achieve seizure freedom or worthwhile improvement may avoid open surgery or take advantage of an otherwise unexpected treatment if resection is not an option. Patients with epileptogenic nodular heterotopy are probably ideal candidates for this treatment.
S
tereotactic destruction of presumed epileptogenic cortical areas or lesions has been advocated in the past as a treatment option for patients with drug-resistant focal epilepsy. Mesial temporal structures were the preferred targets in several earlier studies, which reported not particularly encouraging results related to seizures (exhaustive reviews have been performed by Parrent and Blume 20 and by Guénot et al. 12 ). With the advent of modern imaging techniques and the increasing accuracy of stereotactic targeting, interest in stereotactic ablative procedures, specifically radiofrequency thermocoagulation (RF-TC), has recently gained new popularity. Promising results in temporal lobe epilepsy 14, 16, 17 and in epilepsies symptomatic of certain malformative lesions 15, 21, 23 have been reported. Nevertheless, the role of this minimally invasive procedure in patients with more complex drug-resistant focal epilepsy, which may require invasive electroencephalography (EEG) evaluation, and in those who are not optimal candidates for resective surgery is still unclear.
Stereoelectroencephalography (SEEG), the clinical use of which in the presurgical evaluation of epileptic patients was introduced in the last century by a group at SainteAnne Hospital in Paris, France, is a powerful tool for defining the spatial and chronological evolution of an ictal discharge. 1 SEEG is currently used in several centers to better investigate patients with more complex epilepsy, whose candidacy for surgical resection of their epileptogenic zone (EZ) is not adequately supported by noninvasive evaluation. 3, 5, 10 In addition to recording brain electrical activity, SEEG enables accurate functional mapping of cortical and subcortical eloquent structures by using intracerebral electrical stimulations. Electrical stimulations may also trigger habitual electroclinical ictal manifestations and provide a better definition of the organization of the EZ. 19 Intracerebral electrodes used for SEEG recording have also been used to produce RF-TC in epileptic patients whose EZ had been identified by SEEG recording. 4, 12, 13 SEEG-guided RF-TC in the EZ has been found to be a treatment option in patients not suitable for resective surgery, particularly in those with malformations of cortical development in eloquent areas or with bilateral lesions. 12 In a recent retrospective study, sustained seizure freedom in 4 of 5 patients who were treated with SEEG-guided RF-TC of epileptogenic nodular gray matter heterotopy was reported. 6 In the present retrospective study, we report on the experience of our center in a consecutive series of patients with both lesional and nonlesional drug-resistant focal epilepsy who received SEEG evaluation followed by RF-TC in their supposed EZ.
methods
We retrospectively reviewed our clinical database in a search for patients who underwent an SEEG evaluation and SEEG-guided RF-TC in their EZ. Each patient or his or her guardians gave informed consent to both implantation of the electrodes for SEEG and subsequent RF-TC procedures. This study received the approval of the local ethical committee.
Stereoelectroencephalography
Indications for SEEG evaluation and the technique for implanting the electrodes for SEEG have been detailed elsewhere. 3, 5 Briefly, SEEG was indicated when a tailored noninvasive presurgical evaluation failed to clearly define the patient's EZ. For each patient, a customized arrangement of intracerebral electrodes was planned with the aim of verifying 1 or more working hypotheses based on the results of previous investigations. Each patient underwent brain MRI (Achieva 1.5 T, Philips Healthcare). Several sequences appropriate for SEEG planning were acquired; the essential 3D T1-weighted MRI scan was obtained in the sagittal plane and reformatted into axial slices with a 560 × 560 matrix, a 0.46 × 0.46 × 0.9-mm voxel, and no interslice gap. Other structural MRI, functional MRI, diffusion tensor imaging, brain CT, or CT-PET scans were obtained when needed. Pertinent cerebral vessels were also imaged by using an O-arm 1000 system (Medtronic), which is a mobile cone-beam CT system that ensures 0.4 × 0.4 × 0.8-mm reconstructed voxels, to obtain 3D digital subtraction angiographic data. After coregistration of the acquired data sets to the 3D digital subtraction angiographic images, implantation of the SEEG electrodes was planned with the aim of accurately targeting the desired structures through avascular trajectories. Stereotactic electrode placement was performed with the patient under general anesthesia; a Talairach frame and a robotized passive tool-holder (Neuromate, Renishaw Mayfield SA) were used. A variable number of multicontact electrodes (Microdeep intracerebral electrodes, D08 [Dixi Medical], or Depth Electrodes Range 2069 [Alcis]) were placed and advanced to the desired targets, after screwing a hollow peg to the skull, and fixed by a plastic cap. After implantation, a final cone-beam CT data set was acquired by using the O-arm to verify the actual position of the electrodes. The T1-weighted 3D MR image was coregistered to this data set, which enabled us to accurately localize the electrodes with respect to the brain structures. After the surgical procedure, the patient was awakened, and intensive video-EEG monitoring began. Once data from an adequate number of spontaneous seizures were captured, a session of intracerebral electrical stimulations was performed. Both low-frequency (1 Hz, pulse width 1-3 msec, delivered for 30 seconds) and high-frequency (50 Hz, pulse width 1 msec, delivered for 5 seconds) stimulations were delivered with the aim of reproducing entirely or in part the clinical ictal manifestations. Functional cortical and subcortical mapping 5 was then performed by recording clinical physiological manifestations induced by electrical stimulations and multimodal evoked potentials.
Once monitoring was completed, recorded material was reviewed and interpreted by the epileptologist with the aim of identifying the EZ as the area of ictal onset and early propagation of the ictal discharge. Therefore, each patient was labeled as suitable for resection (Group 1) or excluded from surgery (Group 2). Reasons for exclusion from surgery included an EZ that involved functionally critical areas, the resection of which would create unacceptable new neurological deficits; nonlocalizing SEEG findings (multifocal/bilateral ictal onset or poor definition of the EZ); and patient refusal to undergo resection.
radiofrequency thermocoagulation
Radiofrequency thermocoagulation has been offered to every patient at our center undergoing SEEG monitoring since 2008. Only patients who agreed to receive this treatment underwent the procedure. Group 2 patients were openly informed that RF-TC was the only treatment option available.
Radiofrequency thermocoagulation was performed at the end of the recording period and before electrode removal. No anesthesia was used, which enabled clinical monitoring of the patient during the procedures.
Each thermocoagulative lesion was placed between a couple of contiguous electrode contacts. The contacts used for RF-TC were selected according to the presence of 1 or more of the following criteria: 1) their involvement in the onset of the ictal discharge, 2) an intralesional location, and/or 3) induction of habitual ictal clinical phenomena by their electrical stimulations.
If the selected contacts sampled a functionally critical area, as documented by stereoelectroencephalographic functional mapping (e.g., movement, speech, vision), they were excluded from treatment. Similarly, no coagulation was performed in proximity of vascular structures (< 2 mm from selected contacts). Therefore, the original treatment plan could not be completely realized.
The 2 pertinent contacts were connected to RF lesiongenerator equipment (NeuroN50 and NeuroN100 [Stryker Leibinger] with Dixi Medical and Alcis electrodes, respectively), expressly modified for use with SEEG electrodes; because no local temperature monitoring is possible when using SEEG electrodes, the temperature feedback was excluded from the generator circuitry. We adopted the following parameters: current power progressively raised from 1.5 to 8.32 W within 60 seconds and current intensity (usually approximately 25 mA) variable according to impedance. These parameters were defined specifically to increase the tissue temperature to 78°-82°C, which had been reported previously to induce a lesion around the selected contacts within 40-50 seconds. 4, 12, 13 At the end of the procedure, the electrodes could be removed, and the patients were discharged within 1-2 days. When possible, an MRI study was obtained at least 1 month after the procedure.
resective Surgery
Patients from Group 1 who did not benefit from RF-TC (no benefit at all or transient benefit) subsequently underwent surgery after a variable period of follow-up. Resective microsurgery was conducted with the aim of removing the EZ as defined by SEEG evaluation.
Seizure Outcomes and Statistical analysis
Post-RF-TC seizure outcomes were prospectively assessed at regular intervals by outpatient visits or telephone contacts. The patients were assigned to 1 of the following categories: seizure free (corresponding to Engel Class I 8 ), sustained worthwhile improvement, transient benefit (initial improvement and then return to baseline), or no benefit. Statistical evaluation of seizure outcomes was reserved for patients with a follow-up period of ≥ 12 months after RF-TC (for those who received RF-TC as the sole treatment) and for patients who subsequently received resective surgery and whose unfavorable seizure outcome could be considered conclusive regardless of the time elapsed after RF-TC.
The following variables were considered: sex, epilepsyrelated antecedents, age at seizure onset, age at RF-TC, duration of epilepsy, seizure frequency, preoperative MRI results (lesional or nonlesional), extension of lesion in MR images, etiology of epilepsy (assessed by MRI or, for those who underwent surgery, histology), induction of seizures by low-or high-frequency intracerebral electrical stimulations, RF-TC performed on contacts through which stimulations induced ictal manifestations, contribution of SEEG to EZ localization (localizing or nonlocalizing), site of the EZ (temporal or extratemporal), site of RF-TC, total number of RF-TC sites, and number of RF-TC sites within the MRI-detected abnormality. Each variable was investigated for the chances of RF-TC to produce sustained seizure freedom (Engel Class I).
Furthermore, a separate analysis was performed for patients who underwent surgery to evaluate whether significant differences in postresection seizure outcome occurred in patients who had and in those who had not experienced a transient benefit on seizures after RF-TC. For this analysis, only patients with a minimum postresection follow-up time of 12 months were included. 
results
We selected 89 patients who received RF-TC after SEEG evaluation; 49 were male and 40 were female. In each case, the seizures were drug resistant, because ≥ 2 antiepileptic drugs in monotherapy or polytherapy at maximum tolerated doses had failed to produce sustained seizure freedom. The mean age at treatment was 26.7 years (SD 11.3; range 2-49 years), the mean age at seizure onset was 11.3 years (SD 9.8; range 0-39 years), and the mean duration of epilepsy was 15.4 years (SD 9.5; range 1-43 years).
Preoperative brain MRI results were negative (not lesional) in 46 patients, whereas they showed a structural lesion (lesional) in 43 patients. The lesion was monolateral in 35 patients (unilobar in 29 patients and multilobar in 6 patients), and 8 patients harbored bilateral lesions.
Stereoelectroencephalography
The main features of the SEEG evaluations are reported in Table 1 . On the basis of SEEG recordings, 67 patients were judged suitable for resective surgery (Group 1), and surgery was excluded for 22 patients (Group 2). The reasons for exclusion from resective surgery were an EZ that involved highly eloquent areas (4 patients) and nonlocalizing SEEG results (13 patients: 3 with multifocal/ bilateral seizure onset and 10 with insufficient definition of the EZ). Five patients refused resective surgery and accepted RF-TC as their only treatment option.
rF-tc, Seizure Outcome, and Statistical analysis
Pertinent data on the RF-TC procedures are reported in Table 2 .
Postcoagulation MRI was obtained in 28 patients an average of 6.7 months (SD 3.7) after the procedure (Fig.  1) . The mean volume of single RF-TC lesions (between 2 contiguous contacts), as measured on postcoagulation MR images, was 85.4 mm 3 (SD 31.1). Table 3 reports the outcome on seizures after RF-TC in the whole series and in selected subgroups of patients.
The preimplantation MRI for the 16 seizure-free patients revealed no lesions in 5 patients and a lesion in 11 patients. In the lesional cases, MRI showed nodular heterotopies in 8 patients (bilateral in 2) and hippocampal sclerosis in 3 patients. In the 9 patients with sustained worthwhile improvement, the MRI revealed no lesions in 5 patients, hippocampal sclerosis in 2 patients, focal cortical dysplasia (FCD) in 1 patient, and glial scarring in 1 patient.
Statistical analysis, aimed at revealing factors that significantly influence seizure outcome after RF-TC, was performed on 82 patients, including the 51 with a definite unfavorable outcome after RF-TC and who subsequently underwent surgery and the 31 who received RF-TC as their sole treatment and had a postprocedural follow-up time of ≥ 12 months. Nodular heterotopy as the etiology (p = 0.0001389), patient age (p = 0.02885), and number of intralesional TC sites (p = 0.0271) were factors with a significant correlation with seizure outcome.
The 51 patients in Group 1 who did not benefit at all (21 patients) or who experienced only a transient benefit (30 patients) from RF-TC underwent microsurgical resection of their EZ based on SEEG results. Among 22 of these patients with ≥ 12 months of postresection follow-up, no significant correlation was observed between a transient improvement after RF-TC and the chances to achieve a postresection Class I outcome. Nevertheless, a higher proportion of postresection Class I outcomes was found among patients who experienced a transient benefit from RF-TC than in those who did not respond at all to RF-TC (70% and 58%, respectively). An illustrative case is detailed in the Fig. 2 legend.
etiology of epilepsy
The etiologies of epilepsy in the 89 studied patients, as revealed by histological examination in patients who un- derwent surgery or according to MRI findings in patients who received only RF-TC, are reported in Table 4 .
Side effects of and morbidity after rF-tc
In 11 (12.3%) patients, a habitual seizure occurred during the coagulation procedure, in most cases while the coagulating regions in which electrical stimulations had induced similar ictal manifestations through SEEG evaluation. Four patients experienced fleeting local pain during coagulation of regions contiguous to the tentorium or to the cavernous sinus.
One patient presented with an unexpected, severe, and stable neurological deficit, presenting as a complex neuropsychological disorder. This 41-year-old man with nonlesional MRI results was evaluated by SEEG for possible left-posterior quadrant seizure onset (Fig. 3A and B) , and he was considered at the end of SEEG monitoring to be a good candidate for resective surgery in the parietal lobe. However, he accepted RF-TC in the same area of eventual resection, and RF-TC of 23 sites in his left parietal lobe (according to the results of the SEEG recording) was performed. In the first weeks after the procedure, the patient developed severe reading and writing impairments and impairments in functions regarding numerical systems and calculation. A cranial CT scan revealed local brain swelling in the coagulated area, which was treated with steroids. Despite subsequent progressive clearing of the brain edema, the neuropsychological disturbances were still present 9 months after the procedure, and the patient had significant disability during work and in other daily activities. The patient is not seizure free, although a substantial decrease in seizure frequency and intensity has occurred, such that his resective procedure was cancelled and, at the time of writing, had not yet been performed. His postcoagulation MR images are shown in Fig. 3C-H .
One patient developed an expected and anticipated permanent motor deficit. This 28-year-old woman presented with disabling daily motor seizures that had occurred since the age of 9 years. Brain MRI revealed an FCD (presumably Type II) of the left precentral gyrus at the level of the hand primary motor area. The SEEG recording revealed overlapping between interictal and ictal electrical activity, the FCD, and the hand motor area. The high risk of permanent motor deficits with both open surgical resection and coagulation of her FCD were anticipated and discussed with the patient, who chose RF-TC as her first option. RF-TC of 7 areas at the FCD site was performed, and she immediately developed dense right hemiparesis, more evident at the distal segments of her left upper limb. After intensive physical rehabilitation, the patient was able to walk with support, and although recovery of the motor functions of her right hand was incomplete, she could drive a car. The patient, who at the time of this writing was still on antiepileptic drugs, was seizure free for 3 years postoperatively, and she subsequently presented 3 ictal manifestations in conjunction with decreased sodium blood levels (128 mEq/L).
Finally, a 15-year-old boy, who previously underwent 2 unsuccessful surgical resections of a Type II FCD in the right mesial premotor area, was submitted to an SEEG evaluation for seizure recurrence. According to the SEEG findings, RF-TC of 2 sites just adjacent to the primary motor area of the left foot (as revealed by functional mapping) was performed. A transient motor deficit of the left foot appeared during the procedure, but complete recovery was achieved within several weeks. At the time of this writing, the patient had been seizure free for 3 years after treatment.
Therefore, unexpected, severe permanent neurological morbidity after RF-TC occurred in 1.1% (1 of 89 patients) of our cases.
discussion
Results of this single-center retrospective study indicate that SEEG-guided RF-TC in the EZ may provide excellent results for seizures in patients with complex drug-resistant focal epilepsy, and seizure freedom or sustained worthwhile improvement was achieved in 18.0% and 10.1% of the patients, respectively.
pretreatment evaluation
Unlike most previous studies on stereotactic ablative techniques used to treat epilepsy, we report on a subpopulation of patients who all required invasive EEG recording, recommended for the particular complexity of their epilepsy. Indeed, apart from the pioneering reports on SEEGguided RF-TC by a group of authors in Lyon, France, 4, 12, 13 recent studies on stereotactic TC have included patients with only noninvasive evaluation, 7 a few patients who underwent invasive EEG, 11, 16, 24 and individual patients who underwent local recording of electroencephalographic activity in the lesion targeted for coagulation. 21, 23 Therefore, because the seizure outcome of patients who require invasive EEG is generally less favorable, the contribution of RF-TC in controlling or improving seizures in our patients should be evaluated.
Seizure Outcome after rF-tc
Our results indicate that patients with a nodular heterotopy are the ideal candidates for RF-TC (8 [66.7%] of 12 patients seizure free). As a matter of fact, nodular heter- otopies were recently treated by other groups using either RF-TC or laser TC. 9, 11, 21 With time, as excellent results on seizures became evident in our experience, we were encouraged to offer RF-TC as the first option to patients with this etiology. Therefore, the strategy for electrode arrangement was implemented progressively for extensive coverage of the heterotopy to destroy the lesion as completely as possible, which enabled us to achieve good results not only in the less recent patients with a single nodule 6 but also in those with bilateral (2 patients) or larger heterotopies. In particular, previous studies indicated that patients with bilateral heterotopies are not good candidates for surgical resection. 22 Our results indicate that these patients should be considered for this potentially curative option.
Encouraging results have also been achieved in patients with hippocampal sclerosis, with 3 (50%) of 6 patients seizure free after coagulation; only 3 of these patients had a follow-up time of > 12 months and were available for statistical analysis. Excellent results after RF-TC have been reported for patients with mesial temporal lobe epilepsy (MTLE) and particularly in patients with hippocampal sclerosis. 14, 16, 17 These results, however, were obtained with extensive coagulation of the mesial temporal structures by electrodes placed along the major hippocampal axis.
In our patients, coagulation of the mesial structures, and specifically of the hippocampus, was limited to 1 or 2 sites, corresponding to the internal contacts of orthogonally placed electrodes. Additional targets for coagulation in these cases were the amygdala, the temporal pole, and the basal temporal cortex, according to indications from SEEG recording. Our patients with MTLE shared atypical clinical or electroencephalographic features that justified invasive SEEG recording to verify possible extratemporal implication of the EZ. We think, however, that RF-TC might be a valuable option also in more typical cases of MTLE when the risks involved with microsurgical resection are increased for age or for impaired general conditions.
Recently, RF-TC was used for the treatment of 2 patients with Type II FCD, and excellent results for seizures were achieved. 23 In our experience, none of the 11 patients with an FCD (2 Type I and 9 Type II) achieved seizure freedom. A possible explanation is that we usually proceed to surgical resection with no invasive recording in patients with an FCD similar to the FCDs reported by Wellmer et al., 23 whereas SEEG is reserved for patients with more extended cortical malformations, which are addressed less easily by focused RF-TC. Seizure outcomes were more favorable in lesional than in nonlesional cases (25.6% and 10.9% of patients seizure free, respectively). All of our patients were imaged with 1.5-T MRI equipment. We cannot exclude the possibility that use of a 3-T MRI scanner could have revealed more subtle lesions undetected by our 1.5-T device, which would have enabled us to optimize the implantation strategy and increase the efficacy of RF-TC. Nevertheless, of 46 patients with no lesions seen with MRI, 5 were seizure free after RF-TC, and an additional 5 patients experienced worthwhile improvement. In these patients, SEEG guidance is essential for defining the EZ 18 and identifying the sites in which coagulation should be performed. In some of our patients, coagulation might have interfered with complex epileptogenic networks at crucial nodes and thus hindered initiation of the ictal discharge and/or its spread through the symptomatogenic zone. To obtain this result, of course, a correct interpretation of the noninvasive findings in patients with no lesions seen with MRI is essential for adequately addressing the correct SEEG strategy.
A weak positive correlation was observed between a transient benefit from RF-TC and a Class I outcome after open surgery in patients who subsequently underwent surgery, although this finding was not statistically significant, probably because of the small sample size. However, this result suggests that the clinical effects of coagulation on seizures might have some prognostic value for subsequent resective surgery.
It may be argued that the impact on seizures observed after RF-TC in our patients resulted from the interference of intracerebral electrodes with the epileptic network. Nevertheless, in the same study period, we evaluated by SEEG 27 patients who were comparable to those in Group 2 and who refused RF-TC. No sustained change in either seizure frequency or the clinical pattern over time was observed in these cases (data not shown). Furthermore, in our series of > 600 SEEG procedures, only 1 patient, investigated in 2002, has been seizure free since SEEG monitoring without any additional surgical interference. These data suggest that a postimplantation effect is a very unlikely explanation for the seizure outcomes observed in our RF-TC series.
Side effects and complications
The RF-TC procedures were basically well tolerated; painful sensations were reported occasionally when coagulation was performed close to dural structures. Also, the not-uncommon occurrence of habitual seizures during RF delivery was not a major problem.
During SEEG recording, thorough functional mapping was performed to minimize the risk of injury to critical areas and of permanent neurological deficits. This mapping also enabled us to discuss with 1 of our patients the predictable development of a motor deficit after RF-TC of her rolandic FCD.
The important neuropsychological syndrome developed by 1 patient after extensive coagulation of the dominant parietal lobe was probably a result of the confluence of several thermal lesions in a highly eloquent area, and it also would have been the likely result of open surgical resection of the same region. Functional mapping is very helpful in the localization of more elementary functions such as movement or sensation, but unfortunately it may fail to provide meaningful information about composite neuropsychological functions, such as those impaired in our patient. Indeed, site-by-site intracerebral electrical stimulations would be unlikely to result in clinical responses from such a complex functional network, which require simultaneous stimulations at multiple nodes.
The need to avoid thermal injury to eloquent areas and vascular structures indicates that in a number of cases, the coagulation plan proposed by the epileptologists after interpretation of the SEEG recording might not have been fully completed, thus leaving behind some areas that required treatment. This may explain some of the unfavorable outcomes in our patients but, at the same time, probably accounts for the safety of the procedure.
advantages and limitations of the technique
The most obvious advantage of this technique is that it enables us to perform a potentially therapeutic stereotactic procedure with no additional placement of intracerebral devices besides those used for diagnostic SEEG recording. There are no additional costs for either consumables or prolonged hospitalization. Furthermore, SEEG recording provides both strong electroclinical evidence for guiding the treatment plan and functional information for minimizing neurological injuries.
An important disadvantage of the technique is the lack of real-time control of the progression of the lesion during the procedure. As a matter of fact, our preliminary laboratory experiences (unpublished data) suggested that modulating the progressive increase of current power affects the coagulated volume. For example, we noticed that slowing the increase of current power usually results in larger coagulation volumes, which may help when treating large-sized epileptogenic lesions. Conversely, thermal MRI sequences used for real-time control of coagulation have been implemented in the workflow of laser-induced thermal treatment of disorders of different body districts, including brain lesions and epilepsy. 2 This process enables accurate planning of the thermal lesion, which can be tailored according to specific geometrical requirements with substantial safety margins. The development of instrumentations for RF-TC compatible with thermal MRI sequences is desirable for the future. Furthermore, future implementations of the technique might be achieved by evaluating how different procedural parameters (including, e.g., time of RF delivery, number of coagulation sites, speed of power increase, and differences in coagulated substrates) affect the anatomical results of TC as revealed by either postthermocoagulation MRI or histological examination of surgical specimens.
limitations of the Study
The results presented here derive from a single-center retrospective study, and we acknowledge this as the main limitation. Furthermore, an additional limitation of the study is a very likely selection bias. Indeed, our case series included a proportion of patients with nodular heterotopies (13.5%) that undoubtedly exceeds that expected in a surgical series of patients with drug-resistant focal epilepsy. As a matter of fact, as our experience with SEEG-guided RF-TC increased, it became clear to us that patients with nodular heterotopies are optimal candidates for this treatment option, so the preliminary results on the excellent outcome obtained for 5 of these patients were recently published. 6 Therefore, because the decision to accept RF-TC was made by the patients or their guardians after a thorough discussion with the epileptologists and the neurosurgeons of the team, it is likely that we had a more optimistic attitude when we offered this treatment to patients with nodular heterotopies than to patients with other etiologies. Similar reasons probably explain the considerable rate (24.7%) of patients excluded from surgery after SEEG evaluation in this series, which is higher than that recorded in our whole population of patients who underwent SEEG (approximately 10% 5 ). In fact, it is likely that a number of patients amenable to resective surgery after SEEG, worried by the idea of having their brain "burned," had refused RF-TC in favor of a more traditional and potentially curative option. Conversely, patients with no chance to benefit from a resective procedure might have been more positive toward the proposed option as their one and only, although palliative, chance. It must be stressed, however, that 5 good candidates, worried by the possible risks of open surgery, refused the recommended resection and accepted RF-TC as their only treatment.
Our results, therefore, need to be confirmed by a hopefully prospective multicenter study. Furthermore, a long-term evaluation of seizure outcomes is required to ascertain if RF-TC can provide stable and long-lasting inactivation of the EZ or if otherwise reorganization of epileptogenic networks may occur after their temporary suppression provided by thermal lesioning. An important implication of this unresolved issue is that it is unclear if medical treatment can be tapered and stopped in seizurefree patients according to the same criteria adopted for those who undergo microsurgical resection.
conclusions
Stereoelectroencephalography-guided RF-TC is a relatively safe treatment option for patients with complex drug-resistant focal epilepsy that requires invasive EEG evaluation. A small, but not negligible, subset of our patients achieved seizure freedom or worthwhile improvement, enabling them to indefinitely defer open surgery or to benefit from an otherwise unexpected treatment option when they are not amenable to surgical resection.
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